Multi-scale experimental analysis of the tension-tension fatigue behavior of a short glass fiber reinforced polyamide composite  by Esmaeillou, B. et al.
Available online at www.sciencedirect.com
 
ICM11 
Multi-scale experimental analysis of the tension-tension 
fatigue behavior of a short glass fiber reinforced polyamide 
composite 
 
B. Esmaeilloua, J. Fitoussia, A. Lucasa, A. Tcharkhtchia 
aPIMM, Arts & Métiers ParisTech, 151, Boulevard de l’Hôpital, 75013 Paris, France 
 
Abstract 
Fatigue life prediction requires thorough understanding of the deformation and damage mechanisms and 
factors influencing them. The objective of this work is to identify the main micro-mechanisms which 
govern the fatigue behavior of a short glass fiber reinforced polyamide composite through a multi-scale 
experimental analysis. Tension-tension fatigue tests have been performed at different applied maximum 
stress and have been analyzed at both microscopic and macroscopic scale. Together with the progressive 
loss of stiffness, the temperature rise during cyclic loading has been measured using an infrared camera. 
Moreover, SEM observations have been performed on the fracture surfaces. The analysis of the results 
shows that the fatigue strength is a consequence of two principal mechanisms: matrix temperature rise 
and fiber-matrix interface damage. Micro-ductile areas have been observed around the fibers. A statistical 
quantitative analysis relates the size of these very deformed areas to the maximum applied stress. 
Moreover, it has been shown that damage can appear only after a stabilization of the temperature. Finally, 
the multi-scale analysis allows relating the stress threshold for each mechanism to the S-N curves. The 
effects of the frequency and of the mean stress have been also evaluated. 
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1. Introduction 
In the last ten years, the use of short glass fiber reinforced (SGFR) polyamide composites for highly 
stressed component has strongly increased. Because of their good mechanical properties[1], the increased 
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production rates and the ease of obtaining complex shapes, these materials are a good candidate for the 
substitution of metal parts in particular in the automotive industry in which the polyamide composites 
allow the reduction of weights and corrosion resistance [2]. However, in order to be efficient, the 
introduction of this class of material needs new design methodology particularly for components 
submitted to fatigue loading. In fact, fatigue life prediction of polymer matrix composites requires the 
experimental investigation of the cyclic behavior. Several studies focus on the fatigue mechanical 
behavior of SGFR polyamide composites [3, 4]. The influence of several parameters has been studied: the 
effect of temperature and of the frequency [5, 6], the influence of moisture [6], and of the mean stress [7]. 
More recently, the effect of the fiber orientation [8] has been studied. The multi-axial fatigue behavior has 
been also investigated [7].  
In order to use properly SGFR polyamide composites for highly stressed component, it is vital to 
develop predictive numerical tools. The reduction of the development time becomes more and more 
critical. In this aim, the development and the validation of FEM based fatigue failure assessment 
methodology is needed. However, in order to improve the numerical predictive methods, a deeper 
knowledge of the local mechanisms is crucial. Reifsnider reported that damage during the fatigue of 
composite begin at a microscopic scale and develops in several local mechanisms interacting each other 
which leads to the formation of transverse network cracks [8]. Horst [9] reported that the fatigue damage 
mechanisms in polyamide reinforced have 4 steps and it start at the location of highest stress intensity, 
fiber ends. A multi-scale experimental analysis can help to get a better comprehension of the origins of 
the observed macroscopic responses. This kind of knowledge gives a physical sense to the predictive 
model which becomes more accurate. The objective of this work is to identify, through a multi-scale 
experimental analysis, the thresholds of the main micro-mechanisms which govern the fatigue behavior of 
a SGFR PA66 composite. 
2. Experimental 
2.1. Material 
An injection  moulded polyamide 66 reinforced with 30 wt% glass fiber and containing a black pigment 
provided by Rhodia- France was used in this study. The fiber length is between 100 to 300 micro metres. 
Dogbone tensile type specimens according to the ISO 3167 standard with length of 150 mm, 10 r 0.2 of 
small widths, 20r 0.2 of large width and 4 r 0.2 thicknesses. Young modulus is E = 2040 r  185 MPa 
and ultimate stress is Vr = 160 r 10 MPa.  
2.2. Fatigue behavior analysis at the macroscopic scale 
The results presented in this paper are limited to tension-tension fatigue tests. An MTS 830 
hydraulic fatigue machine is used. Tension-tension fatigue tests have been performed at different applied 
maximum stress and have been analyzed at both microscopic and macroscopic scale. The minimum 
applied stress is always chosen to be equal to 10% of the maximum applied stress. In this paper, we only 
show the results of experiments performed at a frequency of 20Hz.  
The figure 1 shows the S-N curve obtained in tension-tension for a frequency of 20Hz. The 
asymptote is almost horizontal: for a maximum applied stress equal to 62 MPa, the fatigue life is about 
100 000 cycles when the fatigue life is about 1 500 000 cycles for a maximum applied stress of 60 MPa. 
So, a variation of only 2 MPa leads to a fatigue life 15 times higher. The endurance limit is about 58 MPa. 
For this value, the specimen is not broken until 107 cycles. 
B. Esmaeillou et al. / Procedia Engineering 10 (2011) 2117–2122 2119
 
Fig. 1 : S-N curve obtained in tension-tension for a frequency of 20Hz. 
 
During cyclic loading, the temperature rise (self heating) has been measured using an infrared camera 
(Raynger-MX4) in specific area (maximum temperature). The evolution of the Young’s modulus is also 
determined. Figure 2a) shows a typical curve obtained for a maximum applied stress taken in the 
asymptote (equal to 61 MPa). The evolution of the relative Young’s modulus (ratio Young’s modulus at 
cycle N/Initial Young’s modulus) and of the temperature during a fatigue test shows three parts, 
1°) a fast decreasing of the relative Young’s modulus and, in the same time, an increasing temperature. 
This stage corresponds to the setting up of a thermal regime. During this stage, the temperature exceeds 
the glass transition temperature (Tg=49°C), 
2°) stage 2 is characterized by a plateau for both Young’s modulus and temperature. During this period, 
the thermal regime has taken place and is stable, 
3°) during stage 3, a decrease of the Young’s modulus is accompanied with a new increase of the 
temperature until final rupture. The duration of this stage corresponds to 75% of the fatigue life (300000 
cycles for a fatigue life of 400000 cycles). 
Figures 2b), 2c) and 2d) show the evolution of the relative Young’s modulus and of the temperature 
during tension-tension fatigue test for higher values of the applied maximum stress. For a maximum 
applied stress of 66 MPa, corresponding to the knee point in the S-N curve, an inflexion point is observed 
in the second stage of the temperature rise curve. The plateau is not present and both stage 2 and stage 3 
tend to disappear. The thermal regime does not succeed to take place. Figure 2c) and figure 2d) show that 
increasing the maximum applied stress leads progressively to the total disappearance of stage 3 and stage 
2.  
The analysis of these evolutions shows that the augmentation of the fatigue life is relative to the 
possibility of the damage development. We can also conclude that the damage development can appear 
only after the establishment of the thermal regime (plateau) which disappears progressively with the 
increase of the maximum applied stress.  
2.3. Fatigue behavior analysis at the microscopic scale 
SEM observations have been performed on the fracture surfaces. Micro-ductile areas have been 
observed around the fibers. This phenomenon is also observed on the fracture surface obtained for a 
simple tensile test performed at high temperature. Figure 3 and figure 4 show clearly that the apparition of 
these micro-ductile areas is activated by both the elevation of the temperature localized around the fibers. 
Moreover, a statistical quantitative analysis relates the size of these very deformed areas to the 
maximum applied stress. D is defined to be the diameter of the deformed area and d corresponds to the 
diameter of the considered fiber. Each measurement of D corresponds to average of 4 values that 
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measured around the fibers. So, the ratio D/d is plotted in figure 5 as a function of the maximum applied 
stress together with the number of cycle at rupture. The micro-ductile areas are observed only for 
maximum applied stresses included between 70 and 115 MPa. In this range, D/d increases with the 
maximum applied stress. For higher and lower values of the stress, the matrix local deformation around 
the fibers tends to disappear. 
 
 
a) Maximum applied stress: 61MPa.   b) Maximum applied stress: 66MPa. 
 
a) Maximum applied stress: 61MPa.   b) Maximum applied stress: 66MPa. 
Fig. 2: Evolutions of the relative Young’s modulus and of the temperature during a tension-tension fatigue test for different 
maximum applied stress. 
 
 
     a) In the case of tension-tension fatigue test             b) in the case of a tensile test performed at 90°C 
Fig. 3: Apparition of micro-ductile areas around the fibers 
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Fig. 4: Evolution of the micro-ductile area size as a function of the applied 
temperature. Results obtained in monotonic tensile test until failure. 
 
 
Figure 5: Evolution of the size of the micro-ductile areas as a function of the maximum applied stress. 
Discussion 
The multi-scale analysis of the results presented in this paper leads to the following conclusions: 
1) The fatigue life of SGFR polyamide composites is conditioned by the possibility of temperature 
rise and the damage development. 
2) Damage development is possible only after the establishment of the thermal regime which is 
characterized by a more or less stabilized temperature and Young’s modulus. When the 
temperature is macroscopically well stabilized (horizontal plateau). The temperature rise ise not 
localized and a diffuse damage can be developed. Consequently, the damage stage is observed 
only for the lower values of the maximum applied stress. However, when the maximum applied 
stress tend to the endurance limit the material stays in stabilized thermal regime. Damage and 
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failure do not appear even after 107 cycles. In this range of applied stress (until 65 MPa), small 
variation of the maximum applied stress produces a very high variation of the fatigue life. 
3) With the application of an intermediate value of the maximum stress (between 70 and 115 MPa), 
the thermal regime cannot be completely established. However, in this range of applied stress, 
the temperature rise is localized around the fibers leading to highly deformed areas in these 
zones. When increasing the maximum applied stress, the temperature rise is more located around 
the fibers leading to an increasing size of the micro-ductile areas. Consequently, the fatigue life 
is directly function of the intensity of the matrix local deformation: in fact, the fatigue life 
decreases when the localized matrix deformation is extended (when D/d increases) quickly 
leading to failure because of a premature coalescence of the cracks coming from these very 
deformed areas, 
4) When increasing the maximum applied stress (up to 115MPa), the micro-ductile areas 
completely disappear. The temperature regime is never reached. Because of the high value of the 
maximum applied stress, the material is not able to accommodate the deformation through 
localized temperature rise. The fiber-matrix interface zone is no more able to be deformed 
leading to a fragile failure. 
Conclusion 
A multi-scale experimental analysis of the tension-tension fatigue behavior of a short glass fiber 
reinforced polyamide composite has been proposed. The main deformation mechanisms have been 
identified: generalized matrix deformation or localized matrix deformation around the fibers and damage. 
The obtained results allow defining three zones in the S-N curve (see figure 1).  
I: Thermal regime stabilized, possibility of damage development, 
II: Localized temperature rise, no diffuse damage development, 
III: Very limited temperature rise, fragile failure. 
Fatigue life prediction requires thorough understanding of the deformation and damage mechanisms 
and factors influencing them. In this aim, the local mechanisms have been identified and their evolution 
as a function of the loading parameter have been measured and related to the fatigue life through an 
experimental multi-scale analysis. 
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